Genomes are comprised of contrasting domains of euchromatin and heterochromatin, and transposable elements (TEs) play an important role in defining these genomic regions. Therefore, understanding the forces that control TE abundance can help us understand the chromatin landscape of the genome. What determines the burden of TEs in populations? Some have proposed that drift plays a determining role. In small populations, mildly deleterious TE insertion alleles are allowed to fix, leading to increased copy number. However, it is not clear how the rate of exposure to new TE families, via horizontal transfer (HT), can contribute to broader patterns of genomic TE abundance. Here, using simulation and analytical approaches, we show that when the effects of drift are weak, exposure rate to new TE families via HT can be an important determinant of genomic copy number. If population exposure rate is proportional to population size, larger populations are expected to have a higher rate of exposure to rare HT events. This leads to the counterintuitive prediction that larger populations may carry a higher TE load. We also find that increased rates of recombination can lead to greater probabilities of TE establishment. This work has implications for our understanding of the evolution of chromatin landscapes, genome defense by RNA silencing, and recombination rates.
iterated rounds of sexual reproduction allow TE copy number to increase within a species (Hickey 1982) . If the rate of increase across genomes is greater than the rate of loss arising from the harm that TEs impose upon the host, copy number will increase. In this scenario, selection can favor TEs with a high transposition rate. However, because asexual or selfing lineages that carry TEs with a high transposition rate will be outcompeted by lineages with lower rates of TE movement, selection in these species can favor TE lineages with reduced transposition rates. For this reason, it has been proposed that outcrossing species will carry a higher TE burden.
Population size is also considered as an important determinant of TE load within species. This is because, in smaller populations, genetic drift may allow the accumulation of mildly deleterious mutations (Ohta 1993; Lynch and Conery 2003) . In larger populations, natural selection is more effective and insertions will be eliminated. This fact has been used to explain a general trend that species with smaller populations have a larger TE load (Lynch and Conery 2003) . For example, mammals have experienced smaller historic population sizes and mammalian genomes are frequently replete with TE sequences (Belancio et al. 2008) . In contrast, species such as Drosophila are proposed to have a reduced TE burden due in part to the fact that their large population sizes prevent the accumulation of TE insertions by genetic drift. However, while verbal models frequently attribute higher TE burdens to small population sizes, mathematical models of finite populations have shown that the effects of population size on TE abundance are modest (Charlesworth and Charlesworth 1983) .
While population size is considered to be an important determinant of TE burden, it is not clear whether changes in population size will drive variation in TE content at all scales (Charlesworth and Barton 2004) . For example, while there is a clear negative correlation between genome size and population size across a very wide range of population sizes, a phylogenetic correction reduces the significance of this observation (Whitney and Garland 2010; Whitney et al. 2011) . Because related species may have population sizes of similar magnitude, modest variation in population size may not be a significant determinant of TE variation among closely related species (Ai et al. 2012 ). Modest differences in population size between close relatives might not be sufficient to provide signal in an independent contrast analysis when the effects of extreme differences in population size are phylogenetically corrected. In addition, changes in other life-history traits (such as generation time) might confound population size effects.
This fact may be illustrated in the Drosophila genus. It was first noted by the 12 Genomes project that there is no strong increase in TE content in smaller populations (Clark et al. 2007 ). For example, D. grimshawi resides on the island of Hawaii, has a much smaller population size, but may also have a lower TE content. Similar observations have been made for D. sechellia and D. mauritiana, both located on islands (Clark et al. 2007; Kofler and Schloetterer 2015) . Clark et al. (2007) proposed that reduced exposure to TE horizontal transfer (HT) events on an island might drive this process. In this case, the rate of exposure to HT would be a more important determinant of genomic TE burden compared to the effect of drift. In Drosophila, exposure to TE HT events is clearly a significant determinant of TE abundance. For example, the well studied P element probably invaded D. melanogaster via its new exposure to D. willistoni during range expansion (Daniels et al. 1990 ). More recently, the P element has also invaded the D. simulans genome . Genome wide studies have further shown that fully one-third of TE families may have originated by HT among close relatives of D. melanogaster (Bartolomé et al. 2009 ).
Given the importance of HT in TE dynamics (Schaack et al. 2010) , it is plausible that under some conditions, the force of HT might be more important than drift in determining genomic TE burden. Because larger populations may be a larger target for rare HT events, if the effects of drift are weak, then the exposure rate to HT events may drive TE abundance, not drift. Here, reviewing previous analytical results and performing new analysis and simulation, we test whether this is plausible. In particular, we ask: is there a condition in which the rate of TE exposure, and not population size, determines genomic TE abundance? Using standard assumptions about TE selective effects, we show that when population sizes are sufficiently large and the fitness effects of transposon insertions are synergistic within a family, the probability that a new TE establishes in a population does not vary with increasing population size when population size is sufficient for the effects of drift to be weak. Furthermore, the probability for establishment depends modestly on an interaction between the current TE burden within the genome and the recombination rate. Perhaps counterintuitively, we find that higher recombination rates can also increase the burden of TEs driven by HT. Finally, we show that under these conditions, TE invasion dynamics may be approximated by the invasion dynamics of beneficial alleles. Just as the probability of fixation for a new beneficial allele does not depend on population size when drift is weak, so does TE establishment probability. Thus, large populations that are a greater target for HT events may carry a higher transposon load than smaller populations.
Methods

Approach
Using a modified version of the C++ code of Dolgin and Charlesworth (Dolgin and Charlesworth 2006; , we performed simulations to determine whether there may be a condition whereby the effects of HT could outweigh the effects of drift, leading to a condition in which larger populations carry a larger TE burden. Simulations were performed by scaling the population size and the transposition rate as has been shown to correctly describe TE dynamics . For example, in Drosophila where populations are of the order of one million and transposition rates are of the order of 10 -5 , one may scale each by a factor of 1000 and simulate with a population size of 1000 and a transposition rate of 10 -2 . Likewise, we used the same fitness function used by where fitness, in the case of a single transposon family, is given by:
Here, n is the number of insertions (in the case of one family). a and b determine the form of selection. a is a scaling factor that determines the multiplicative fitness effects of increasing copy number. b is a synergism coefficient that determines the epistatic effects of increasing copy number. When b is zero, all fitness effects are multiplicative. Theory has shown that without synergism in fitness effects (i.e., only multiplicative fitness), TEs are not constrained, no equilibrium is established and TEs can take over the genome (Charlesworth and Langley 1989) . For cases in which there are multiple families, we expand the fitness function as follows:
where there are j TE families. In this case, synergism occurs only within TE family. This will be the case when ectopic recombination between insertions of the same family is the cause of synergism in fitness effects. We also consider the case where there is also synergism across different families. In this case, we consider an additional parameter c and a fitness function as follows: 
Here, c is a measure of synergism across all TE insertions in the genome. Synergism between inserts of different families is likely to be low because inserts of different families do not undergo ectopic recombination. For simulations, the population size was allowed to vary but we set additional parameters per Dolgin and Charlesworth. In particular, we focused on the case where the transposition rate u was set to 0.01, the excision rate v was set to 0, the selection parameter a was set to 0.001 and the selection parameter b was set to 0.0003. In a previous study, these parameters resulted in an equilibrium copy number of slightly less than 30 in a fully recombining genome and these equilibrium values were confirmed in this study. We also considered the case of establishment in which there was no selection where a and b were both set to 0.
Simulations
Simulations were run as previously described by Dolgin and Charlesworth, with a population of diploid individuals with 3 recombining chromosomes, but no non-recombining chromosomes. From a starting population of individuals, the next generation was obtained by selecting individuals randomly. Randomly selected individuals were chosen in pairs to produce gametes, allowing for recombination, and pairs of gametes were randomly joined to form zygotes. Selection against new individuals was achieved by allowing zygote survival in proportion to fitness, iterating the zygote formation process until the population size was re-constituted. Transposition occurred after selection and these new individuals were then selected for the next round of mating. Crossover numbers were modeled using a Poisson distribution with crossover placement uniformly distributed along the chromosome arm. We allowed for 10 000 positions per chromosome and a per position recombination rate of 0.0001, yielding on average 1 crossover per chromosome. Subsequent to zygote formation and survival, transposition was allowed to occur, with the number of new TE insertions determined by a Poisson process with a parameter equal to the number of elements multiplied by u, the per element transposition rate. New elements were allowed to insert into any genomic position. If an element was inserted into a location containing another insertion, a new location was chosen.
To determine establishment probabilities for new TEs, we initiated each simulation with a population carrying 1 individual with 1 single insertion. This is in contrast to earlier studies in which simulations were initiated with each individual carrying minimally one insertion. Simulations were run until either the element was lost from the population or reached establishment. Establishment was set to be the point at which average copy number per individual within the population was 1.
To determine equilibrium abundance for TE families, simulations were initiated with 1 copy of each TE family per individual. Simulations were allowed to proceed for at least 1000 generations, and run until equilibrium was determined based on evaluating the coefficient of variation of copy number across consecutively sampled generations. Because the effects of drift influenced this measure, equilibrium was determined empirically for each population size. The highest coefficient of variation across generations (sampled at the final 10 consecutive time points, each spaced by 100 generations) that was tolerated was 0.022 (a standard deviation of 2.9 copies with a mean of 148 copies per individual). In addition, across all sampled points, the highest magnitude slope between the 10 sampled time points and copy number was -0.82 (with 9 families and on average 265 copies per genome).
In cases where dynamics at equilibrium were of interest, populations were initiated near the previously determined equilibrium. For example, to determine establishment probability for a new TE family within a population already carrying TEs, the simulations were initiated at equilibrium values for the pre-existing TE families.
Results
Analytical Results for Equilibrium with Multiple TE Families
Reviewing previously developed theory (Charlesworth 1990; Dolgin and Charlesworth 2006) , we briefly show that family level equilibrium copy number is independent of the total numbers of families in the genome when the selective effects only synergize within TE family.
Using a framework for selection on a quantitative trait (Charlesworth and Charlesworth 1983; Charlesworth and Langley 1989) , the change in mean copy number ( ), n due to natural selection only, per individual for a single TE family is given by:
When there are multiple (j) TE families whose fitness effects only synergize within a family, where n i is the number of copies for TE family i, fitness is given by Equation 2 (which is a special case of Equation 3, when the c parameter equals 0). Because TE families only synergize with respect to other members of the same family, the partial derivative of ln w ( ) with respect n i is simply − − a bn i . Thus, change in copy number due to selection is only dependent on copy number of the respective family. When TE copy number is Poisson distributed V n n = . Thus, change in mean copy number for family i is given by:
and considering a transposition rate of u and excision rate of v (that provides a net mean increase of n u v i ( )) − an equilibrium will be reached when:
or as has been previously shown (Dolgin and Charlesworth 2006) :
which does not depend on copy number of other TE families in the genome. We also consider the case when TEs can synergize across families with a fitness function including a parameter c determining synergism strength across families, as shown in Equation 3. If we consider a focal TE family n 0 , and we consider that equilibrium abundances will be equal across each family (assuming a, b and transposition rate parameters are equal across all elements) we can reformulate the fitness function as follows, where X is the number of families in the genome and n i is the number for each of the other families (all being equal due to symmetry)
with:
At equilibrium, all families will be in equal abundance (due to symmetry) and thus n i = n 0. Thus:
For equilibrium when synergism occurs across families, the same approach as before can be used, setting the change in copy number due to transposition equal to the change in copy number due to selection. The equilibrium n 0 is given by:
and:
Here, equilibrium values for a given family are decreasing as family number increases. As family number increases, synergism across families leads to a lower copy number for each resident family. Because there are X total families, equilibrium total copy number is given by:
When u > (v + a), this is a function that increases monotonically with X, with a limit of (u − v − a)/c. This demonstrates that synergism across families can provide a bound on how increasing family number leads to ever increasing genomic copy number.
Establishment Probabilities of New TE Insertions Without Selection
We first sought to determine how the establishment of a new TE family depended on population size when there was no selection against new TE insertions (a and b set to zero). Previous simulations have shown that the transposition rate is critical for invasion success (Le Rouzic and Capy 2005) but these simulations did not vary the population size. Here, simulations were initiated at varying population sizes with a new single insertion within the population. A TE was deemed to have been established when the average copy number among individuals in the population was equal to 1. Figure 1A and B demonstrates how establishment probabilities of a neutral TE vary as a function of increasing population size and varying transposition rate. In small populations, even when transposition rates vary by an order of magnitude, establishment probabilities are of the order of (1/2N). As population sizes increase, the establishment probability decreases to a level that depends on the transposition rate (Le Rouzic and Capy 2005) . At this point an increased population size does not lead to a concomitant decrease in establishment probability. Instead, at sufficiently large population sizes, establishment probabilities remain similar and dependent on the transposition rate. This is analogous to the result of Haldane for the fixation probabilities for beneficial alleles (Haldane 1927) . At sufficiently large population sizes, the probability of fixation of a beneficial allele is approximately 2s (when s is small). Figure 1A and B shows that both the 2s approximation and also the diffusion approximation for the fixation probability of a beneficial allele (Kimura 1962) provide close estimates for the establishment probability for a new TE where the transposition rate u is equivalent to effective s and, as for the 2s approximation, u is not large. This approximation depends on the neutrality of the invading TE family. For a harmful TE (see below), the difference between u (causing the copy number to increase) and the harmful effects (causing copy number to decrease) is considered. When population size is sufficient, the fixation (or establishment) probability for a new beneficial mutation (or new TE) is governed by the dynamics of escaping early loss after arrival, not population size. An alternate approximation for fixation probabilities, that does not assume small u, can be obtained by considering the probability of loss under a branching process (Kaplan et al. 1985; Le Rouzic and Capy 2005) . In this case, the probability of loss is given by the smallest solution for p where: 
As in the 2s approximation, the probability of establishment is dependent on the transposition rate, not the population size when the behavior of the system is deterministic. It has also been shown that that the branching process approximation can provide similar values to the 2s approximation for transposition rates up to approximately 0.1 (Le Rouzic and Capy 2005), which represents an upper bound for likely transposition rates for natural TEs. It has also been pointed out (Le Rouzic and Capy 2005) that the branching process approximation does not account for selection against TEs, as we investigate next.
Establishment Probabilities with Selection
Selection against the harmful effects of TE insertion can act against the force of transposition. Therefore, we sought to illuminate how selection impedes TE establishment and whether this effect might vary across all population sizes. Using simulation, we determined establishment probabilities for harmful TEs under varying population sizes. We used previous values of a and b to define the strength of selection. Figure 1C and D demonstrates that the dynamics for a neutral TE family apply to a TE family with deleterious effects. In particular, the probability of establishment does not decrease with increasing population size when drift is weak. Probabilities of establishment can be approximated when considering an effective selection coefficient, which is equal to the transposition rate minus the selective effect against a new insertion. When the harmful effects of TEs synergize within a family, the selective effect against a new insertion will be equivalent to that experienced by a single TE within the genome. In the case of a set to 0.001 and b set to 0.0003, the selective effect of a new insertion is approximately −0.00115. Therefore, considering a transposition rate of u = 0.01, the effective selection coefficient on the TE family is approximately 0.0885. However, for a transposition rate of 0.001, the effective selection coefficient on the family is negative: −0.00015. In this case, the harm caused by new insertions is greater than the transposition rate.
Considering the effective selective coefficient as a composite between transposition rate and the harm of single insertions, the diffusion and 2s approximations for establishment probabilities match the simulation results ( Figure 1C, D) . Considering the case when u = 0.001, the selective effects of new insertions overwhelm the transposition rate. When the effective selection coefficient is negative, the 2s approximation predicts no establishment and the diffusion approximation predicts establishment with vanishingly small probabilities. This is observed in the simulations. Overall, when population sizes are sufficiently large, increasing population sizes do not experience ever decreasing establishment probabilities, even if TEs are harmful. Thus, we can expect that for large populations, the rate of establishment by rare HT events may be proportional to the population size.
We also considered how invasion dynamics would vary as a function of the 2 selection parameters, a and b, under a fixed population size of N = 1000 (i.e., when drift is weak). Figure 2 shows that the probability of establishment primarily depends on a. Across a wide range of values of a, the probability of establishment is a linearly decreasing function. This is expected because synergism within a family should not influence establishment. During establishment, copy number per genome is low and synergistic effects within a family are minimal. Interestingly, when a values become close to the transposition rate (i.e., when the force of selection acting against copy number is close to the force of transposition acting to increase copy number), increasing values b become important and reduce the probability of establishment. This is because the b parameter, even though it is a measure of synergism, still can mildly influence the dynamics when copy number is 1.
Equilibrium Copy Number Does Not Depend on Population Size When Drift is Weak
These results indicate that, once populations are sufficiently large, the establishment probabilities for new families do not decrease with larger population size. Thus, if large populations are a greater target for HT events, it is plausible that they may carry a larger burden of TEs than smaller populations, as long as drift is weak in both. This conclusion, however, depends on the assumption that larger populations will carry a TE burden predicted by the number of TE families that have established due to HT. However, it is conceivable that larger populations would not withstand an increasing burden of copy number imposed by HT. This might be expected if increasing family number resulted in more efficient removal of copies in larger populations. As noted before, analytical results suggest that this would not be the case when the selective effects of TE insertions arise only through within family interactions. Specifically, the equilibrium copy number for 1 family does not depend on copy number of other families. We used simulations to test this. Figure 3A shows the equilibrium total number of genomic copies with increasing family number for populations of 3 different sizes. First, one can see that for each population, equilibrium copy number increases linearly with the number of families segregating in the population. The number of genomic copies is simply the multiple of family number and equilibrium copy number for a single family. Additionally, populations of increasing size show the same relationship between family number and genomic copy number. As shown by the analytical results, copy number for a given family does not depend on the number of other families. The number of copies residing in the genome is simply a function of the number of TE families that have established in the population, independent of population size. This is also consistent with previous theory that showed, in finite populations, that changes in population size do not greatly alter the number of copies in the genome (Charlesworth and Charlesworth 1983) . Therefore, when synergism only occurs within a family, a larger population that carries more families due to the fact that it is a larger target for HT may also carry a greater TE burden.
Will this effect lead to an ever increasing burden of copy number with an ever increasing population size? One possibility is that synergism across families may constrain this effect. We thus considered a modification of the fitness function, allowing for synergism across families. In particular, we consider a value c, which measures the relative strength of the effect of synergism across families. Analytical results presented in Figure 3B shows that when synergism can act across all families, copy number becomes constrained with increasing family number. Thus, it seems implausible that ever increasing population sizes will always experience a proportional increase in the burden of TEs. Nonetheless, with and without synergism across families, conditions in which HT leads to an increased number of TE families in the genome can allow larger populations to have a larger load.
Establishment Probabilities When There is a Pre-Existing TE Burden
When drift is weak and synergism occurs only within families, equilibrium genomic copy number depends on the number of established families, not population size. However, it is possible that establishment probabilities would decrease with ever increasing population sizes as the number of families established via HT also increases. In this case, there may be an effect that would counteract the prediction that larger populations could carry a greater TE load. Therefore, we investigated establishment probabilities for new families when increasing numbers of families have already established. We also tested whether the interaction between establishment probability and segregating family number depended on population size. Figure 4A shows the establishment probability for a new family as a function of how many families are already at equilibrium. Interestingly, when there are greater numbers of families, establishment probabilities decrease. However, this decrease was independent of population size. For example, both larger and smaller populations show similar establishment probabilities when the number of families already at equilibrium is 7. Thus, the effect of larger populations carrying a greater TE burden via greater exposure to HT will not be impeded compared to smaller populations. Exposure rate will determine how many families have established, not population size.
Nonetheless, it is interesting that there is a decrease in establishment probabilities as the number of families increase. One explanation for this might be the effects of selection at linked loci (Hill and Robertson 1966; Charlesworth 2012) . When there are a large number of TE insertions in the genome, the chance that the first insertion arising after an HT event is near another element increases. It is worth noting in these simulations that there are 10 000 positions in the genome and about 200 different insertions are segregating at equilibrium when 7 families have established. A new insertion may have a reduced probability of establishment if it lands near another harmful insertion from another family. Because this other family is already at equilibrium and the selective effects synergize within family, the selective effects of these flanking insertions from the other family are much greater than the selective effects of a new insertion arising through HT.
To test whether the diminishing probability of establishment with increasing family number depended on the effects of selection at linked loci, we performed the same simulation with a recombination rate 30 times higher. Figure 4B shows that when recombination rates are high, establishment probabilities for new TE families do not vary with the number of families already in the genome. A plausible explanation for this is that insertions from new families are less burdened by the effects of selection at linked loci carrying established families (Hill and Robertson 1966; Charlesworth 2012) . It is interesting to note that in this scenario, a higher recombination rate leads to increased chances of establishment for new element families. Thus, the selective burden of TEs might be higher in populations with a higher recombination rate. This runs counter to standard expectations, in which higher recombination rates are expected to lessen the burden of deleterious mutation. All else being equal, a species with a higher recombination rate might carry a greater TE burden because establishment probabilities may be greater. However, this effect is likely to be influenced by the density of TE insertions. Thus, for an organism such as rice or maize, high TE density this might limit the effects of HT. In contrast, a species such a Drosophila melanogaster, with low TE density, might be much less influenced by this effect.
Discussion
Are differences in TE burden between species mostly explained by differences in the efficacy of selection that arise from differences in population size? For small populations, when there is considerable genetic drift, mildly deleterious TE insertions may fix. Thus, small populations may carry a significant TE burden. Does this mean that an ever increasing population size will always lead to an ever decreasing TE burden? Here, we show that when population sizes are sufficiently large for TE dynamics to be approximately deterministic, further increases in the population size can lead to an increased burden of TE copy number. If we assume that exposure to HT events is proportional to population size, increases in the population size can lead to an increase of TE burden. This is analogous to what is expected for the rate of adaptive substitution (Kimura and Ohta 1971) which is equal to 2 2 N s u e × × (where u is the rate of arrival for beneficial mutations). In the same way larger populations can experience a higher rate of adaptive substitution, so too might they experience a higher rate of accumulation of TEs, compared to smaller populations where TE dynamics are also deterministic.
We have demonstrated the plausibility of this scenario under the assumption that synergism of fitness effects occurs only within TE families. First, we showed with simulation increasing population size does not necessarily lead to decreasing probabilities of TE establishment through HT. Second, that population size does not influence equilibrium copy number among multiple families when drift is weak and third, when drift is weak, larger populations with larger TE burdens do not show decreased probabilities for TE establishment relative to smaller populations with the same burden. If we consider a scenario where HT events are rare, we should expect that larger populations would be exposed to proportionally more HT events by TEs. If so, the results shown here indicate that TE burden may be greater in larger populations.
Several caveats must be made. First, in small populations, even though exposure rates may be low, the effects of drift are strong. In particular, drift in small populations allows individual insertion alleles to fix in the population. Therefore, even though exposure rates might be low for small populations, drift may allow significant accumulation through fixation of insertion alleles. Here, we are considering the scenario where drift is weak. In this case, insertion alleles never fix. At equilibrium, all insertion alleles remain segregating in the population. Therefore, when we propose that increasing population size can lead to an increasing burden of TEs, we are speaking to a class of TE insertions that never fix. Therefore, this scenario may be more relevant to species with large population such as in the Drosophila genus. In Drosophila, population sizes across the genus may not be in the "drift zone". When this is the case, a population size increase (say from 1 000 000 to 10 000 000) is not expected to change the equilibrium abundance of a single TE family, in accordance with previous results (Charlesworth and Charlesworth 1983) . In this case, drift is weak in both populations. However, the larger population is likely exposed to TE HT events at 10 times the rate. Therefore, it might be reasonable to assume that the larger population would carry a greater TE burden.
These results are significant for several reasons. First, they show that the common assumption that larger populations will always have a more "efficient" genome may not always hold [see also (Charlesworth and Barton 2004 ) for a discussion of this]. Therefore, it is interesting to note that the trend of smaller genomes with larger population size is weakened when phylogenetic non-independence is take into account (Whitney and Garland 2010) . Second, these results have implications for our understanding of how host defense against TEs evolves. A previous study showed that a greater TE burden might select for increased translational efficiency of the piRNA machinery via codon bias (Castillo et al. 2011) . If TE burden were increased in larger populations, the piRNA machinery might evolve to counteract these effects driven primarily by HT. Third, we have found that increased recombination rates may allow a greater TE burden. This suggests that in large populations, increased recombination may have the counterintuitive effect of increasing the burden of deleterious mutation caused by TE insertions. It will be important to investigate this possibility in light of the harmful effects of ectopic recombination.
It is also worth noting that these results have implications for systems of gene drive that might enable pest control. A new TE family will invade large populations in a manner that depends largely on the transposition rate. Therefore, pest control via TEs may be plausible, especially if the transposable element carries a conditional dominant negative cargo such as a drug inducible suicide system similar to what has been proposed to limit the off-target effects of cancer immunotherapy (Gargett and Brown 2014) .
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